ties of grafts were assessed via scanning electron microscopy imaging, en face immunostaining, and histology. Luminal seeding with endothelial cells greatly decreased the attachment of thrombotic components. This model is also suture free, allowing for multiple samples to be stably processed within one animal. This tunable (pressure, flow, shear) ex vivo shunt model can be used to optimize the implantability and long-term patency of tissue-engineered vascular constructs. 
Introduction
More than 80 million people in USA suffered from cardiovascular disease in 2007. Autologous and allogeneic grafts have been the most promising solution for vascular replacement surgery. However, the availability of grafts is limited, especially for elderly donors who are more likely to suffer from cardiovascular disease. Polymeric scaffolds such as synthetic polytetrafluoroethylene (PTFE), polyglycolic acid (PGA), and polyurethane have been used with varying degrees of success in large diameter vessel implantation [Salacinski et al., 2001; Tiwari et al., 2002; Seifalian et al., 2003; Kannan et al., 2004; Lin et al., 2004; Vara et al., 2005; Torikai et al., 2008; Dahl et al., 2011] . Natural biopolymers, such as collagen and fibrin, support enhanced cellular functions but lack adequate mechanical strength for arterial implantation [Swartz et al., 2005; Yao et al., 2005 Yao et al., , 2008 Isenberg et al., 2006; Shaikh et al., 2008] . On the other hand, native decellularized tissues such as arteries and small intestine submucosa (SIS) demonstrate sufficient mechanical strength and may provide inherent biological signals to guide tissue repair and remodeling [Huynh et al., 1999; Nemcova et al., 2001; Conklin et al., 2002; Gui et al., 2009; Tottey et al., 2010] . Regardless of the cell source or material, the difficulty in engineering vascular substitutes lies in matching the appropriate mechanical properties of bioactive materials with desirable blood compatibility and immunity characteristics, which are essential for longterm patency [Dahl et al., 2011; Desai et al., 2011] .
Endothelial cell seeding or antithrombogenic luminal surface coating has been used to avoid platelet attachment and thrombus formation [Robotin-Johnson et al., 1998; Conklin et al., 2002; Wu et al., 2007; Hashi et al., 2010] . Thrombosis initiates from a subconfluent or damaged endothelium that exposes the underlying collagen matrix leading to platelet activation and fibrin clot formation [Brass et al., 2008] . In vitro, thrombogenicity of biomaterial is typically tested by adding platelets and/or citrated/heparinized whole blood onto the material's surface under static conditions. This method is limited due to its shear-free environment as platelets are highly activated by shape deformation due to local shear variation. Others have used a chandler loop, which provides a motional kinetic test of the hemodynamics. These tests can control shear stress but cannot reveal the real physiological environment, in which pressure, pulsation, and a full complement of blood components are all involved [Inauen et al., 1990; Tepe et al., 2006; Chin-Quee et al., 2009] .
Implantation of grafts into an animal model can better test the compatibility with shear-dependent coagulation, immunity response, and long-term remodeling potential. After implantation, Doppler ultrasound and angiography are generally applied to evaluate graft patency in terms of dilation, aneurysm formation, and anastomotic stenosis. However, these imaging modalities are limited in resolution and cannot be used to identify cellular level thrombogenic events such as platelet attachments [Hingorani et al., 2007] . In addition, implantation is limited to sophisticated suturing techniques, pre-and postsurgical animal care, and the use of multiple animals. Implantation could be labor-intensive and cost-ineffective, making it less attractive to test vascular implantability. Our previous studies demonstrated the development of functional and mechanical robust arterial substitutes made from hair follicle-derived smooth muscle cells and SIS Peng et al., 2010b] . Our pilot implantation studies showed that in vitro mechanical optimization does not necessarily satisfy stringent in vivo criteria due to complication of coagulation and immunity response (data not shown). Luminal surface defects, surgical damage, anastomosis sites, and anticoagulation medication can all contribute to acute vascular graft failure [Grines et al., 2007; Yoshikai et al., 2007] . In addition, compliance mismatch between implanted grafts and the native vessels correlated with hyperplasia, stenosis, and an enhanced risk of graft failure in long-term implantation studies.
The lack of a physiologically relevant model to test the implantability of tissue-engineered vessels prompted us to develop an ex vivo model to evaluate and optimize the development of vascular grafts before implantation. Specifically, we developed an ex vivo arteriovenous animal model that utilizes bioreactor chambers in an arteriovenous flow loop circulated with whole blood under a physiological flow rate, pressure, and pulsation. This model was used to examine SIS-based grafts that were circularized with fibrin glue and exhibited mechanical properties similar to those of native carotid artery. The grafts were cultured in a bioreactor statically or under flow-induced shear before they were placed into an arteriovenous shunt loop. Multiple SIS-based grafts and control tissues (native carotid arteries and jugular veins) were sequentially and individually tested in the loop to assess their thrombogenicity and mechanical properties. Dynamic measurements of vessel diameter, pulsatile pressure, and flow rate were recorded in real time to analyze the pulse wave velocity (PWV), augmentation index (AIx), and elastic modulus (Em), which are clinical-ly recognized as indicators of vascular stiffness [Baguet et al., 2003; Nichols, 2005; Lane et al., 2006; Nichols et al., 2008; Sanz et al., 2009] . In addition, graft thrombogenicity was analyzed by scanning electron microscopy (SEM), histology, and immunostaining. In conclusion, this model system can be used to examine the initiation of acute thrombus formation and to measure dynamic mechanical properties of vascular grafts in a clinically relevant setting. As such it has the potential to significantly impact current research on engineering implantable vascular grafts by providing a rapid, cost-effective, and physiologically relevant system to evaluate design parameters such as stem cell sources, matrix materials, and mechanical preconditioning protocols on graft implantability.
Material and Methods

Prefabricated SIS Graft
Hydrated SIS sheets (6 ! 5 cm; Cook Biotech, West Lafayette, Ind., USA) were cut to obtain a rolled construct of 4 layers with an approximate diameter (inner diameter 4.5 mm) and wall thickness (0.8 mm) similar to those of native carotid artery of adult sheep (3-5 years old). Various concentrations of fibrinogen were tested to optimize the graft fabrication to increase the burst pressure and maintain the tubular structure; 22, 11, and 5.5 mg/ ml fibrinogen (Enzyme Research Laboratories, South Bend, Ind., USA) and 125 U/ml thrombin (Sigma, St Louis, Mo., USA) were applied to each layer during assembly to glue the SIS layers together. The mandrels, made of polydimethylsiloxane (PDMS; Dow Corning, Midland, Mich., USA), were precoated with Dulbecco's modified Eagle's medium (DMEM) + 10% fetal bovine serum (FBS) to facilitate the detachment of SIS grafts after tubularization. The resulting grafts were polymerized at 37 ° C for 30 min to enhance fibrin polymerization. After polymerization, the grafts were gently detached from the mandrel. The two ends of the grafts were cut to exclude any incomplete layers and avoid interlayer separation.
In vitro Measurement of Burst Pressure
SIS grafts were cannulated and mounted into the bioreactor chamber (LumeGen Bioreactor; Tissue Growth Technologies, Minnetonka, Minn., USA). The Doppler ultrasound flow meter (Transonics, Ithaca, N.Y., USA) and pressure transducer (Tissue Growth Technologies) were connected. Fabricated grafts, 5-6 cm in length, glued by various fibrin concentrations were tested. The closed bioreactor loop was filled with phosphate-buffered saline (PBS) expelling all air from the circuit and pump. To measure the burst pressure, one end of the circulation loop was closed and PBS was infused at 500 ml/min until the graft material ruptured and the burst pressure was recorded.
Cell Culture
Bovine aortic endothelial cells (BAEC) were kindly provided by Dr. Kolega (Department of Pathology and Anatomical Sciences, University at Buffalo [Martins and Kolega, 2006] ). Cells were cultured and maintained in DMEM + 10% FBS + 1% AA using 0.2% gelatin-coated culture dishes with a culture medium change every 3 days. BAECs were used between passages 12 and 18.
Static Seeding and Preconditioning Protocols
In a sterile culture hood, the autoclaved bioreactor and flow loops were assembled (Tissue Growth Technologies) and fabricated grafts were placed into the chambers. BAECs were trypsinized and placed into the lumen of the graft (2 ! 10 6 cells/ml). Chambers were placed on a rotary shaker and rotated at 5 rpm (Roto-Shake Genie Rotator; Scientific Industries, Inc., New York, N.Y., USA) for 8 h. Following seeding, the grafts were incubated at 37 ° C for 7 days to enhance BAEC adherence and confluence. For presheared samples, chambers were connected to the flow system after 1 week of static culture. The flow rate was gradually ramped until the shear stress reached 6 dynes/cm 2 , where it was maintained for another 2 days under physiologic pressure (100-120 mm Hg). The wall shear stress was calculated using the Hagen-Poiseuille equation:
w 3 Q t 4 R where t w = shear stress; Q = volumetric flow rates; = viscosity of medium; R = radius of the grafts.
Animal Care
Procedures and protocols in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of the State University of New York at Buffalo. A total of 3 adult female Dorset cross sheep between the ages of 4-5 years and weighing 40-50 kg were used. In order to assess thrombogenicity, the grafts were exposed to blood in an ex vivo arteriovenous shunt model. Anesthesia was induced via pentothal sodium (50 mg/animal) and maintained with 1.5-2% isoflurane through a 6-mm endotracheal tube using a positive pressure ventilator and 100% oxygen. Cyclosporine A (200 mg/day), aspirin (975 mg/day), and warfarin sodium (20-30 mg/day; Barr Laboratories, Pomona, N.Y., USA) was given 5-8 days before the procedure. The international normalized ratio (INR) was monitored and maintained between 1.7 and 2.5 after 5-8 days of warfarin sodium (Alere Home Monitoring, Inc., Livermore, Calif., USA). Heparin (100 U/kg) was then administered intravenously to the animals 30 min prior to cannulation of the bioreactor tubing into the carotid artery and external jugular vein. Heparin was infused at a rate of 60 U/kg/h throughout the surgery.
Heparin efficacy was determined by one-stage activated partial thromboplastin time (aPTT) assay. For aPTT, platelet-free plasma was incubated at 37 ° C, and activator (platelin-L reagent) and CaCl 2 were added to induce clotting. The clotting time was measured using a coagulometer (Coag-A-Mate XM; Organon Teknika Corporation, Durham, N.C., USA) kindly provided by Dr. Balu-Iyer and Dr. Peng in the department of Pharmaceutical Sciences, University at Buffalo (SUNY) [Peng et al., 2010a] . All animals were euthanized following the procedure with sodium pentobarbital 100 mg/kg, i.v. (Fatal Plus).
PWV, AIx, and Em
The pressure and flow rate were monitored in real time, proximal to the grafts in the bioreactor chamber. The diameter of each graft was also measured in real time using an LED micrometer. These dynamic measurements were used to calculate the PWV and AIx.
PWV is defined as the distance traveled by the wave divided by the time needed for the wave to travel that distance:
travel distance of wave PWV time The path is the distance between the pressure transducer and the LED micrometer. The time is the difference between the upstroke of the pressure wave and that of the diameter wave.
The AIx is calculated from the pressure difference between the second systolic peak (Ps ) and the inflection point (Pi) normalized to the difference between the diastolic pressure (Pd) and the systolic pressure (Ps) [Nichols, 2005] .
The augmentation is due to the partial overlap of the front and reflected waves. The stiffer the grafts, the greater the amplitude and velocity of the reflected wave will be.
Finally, the Em is defined as the ratio of pressure change driving an increase in blood vessel diameter [Sanz et al., 2009] .
Thrombogenicity Test in an ex vivo Arteriovenous Shunt Model
The bioreactor chamber was positioned via a stainless steel stage (Tissue Growth Technologies) and primed with heparinized saline to ensure that no air was introduced into the vascular system. The pressure transducer and ultrasound flow probe were closely connected proximal to the grafts. A restrictor was used to clamp the tubing distal to the bioreactor chamber to adjust the flow rate to a native arterial level. The baseline heart rate, flow rate, and pressure were measured before placing the grafts in the arteriovenous shunt loop. Cannulae with the optimal diameter and design were placed into the carotid artery and jugular vein in order to prevent accidental vessel twisting and vasospasm (Biomedicus, Medtronic, Minneapolis, Minn., USA). The skin incision was closed and covered in order to maintain the temperature and vascular homeostasis, which could alter the flow rate and pressure. The abdominal aortic flow rate was also monitored as a reference of cardiac output. Grafts (mean length 5 cm, mean internal diameter 4.5 mm) were subjected to 20 min of blood flow [Yazdani et al., 2010] . The grafts were gently washed by 60 ml heparinized PBS immediately following blood exposure to gently remove nonattached blood cells. Grafts were then pressure fixed with 10% formalin for 24 h and prepared for SEM, histology, and immunostaining.
Histology and Immunostaining
Pressure-fixed samples were dehydrated in a series of graded ethanol solutions and xylene substitute and then embedded in paraffin as reported previously [Geer et al., 2004] . In order to evaluate tissue development, 5-m sections were stained with Harris hematoxylin and eosin (H&E). Immunostaining was performed using the following antibodies in PBS containing 5% normal goat serum (Sigma): mouse anti-ovine CD41/61 (1: 10 dilution, 30 min at room temperature; SeroTec, Raleigh, N.C., USA), Alexa Fluor 546 Phalloidin (1: 20 dilution, 20 min at room temperature; Invitrogen, Eugene, Oreg., USA), and Alexa Fluor 488 rabbit anti-mouse IgG (1: 100 dilution, 1 h at room temperature, Invitrogen). Samples were counterstained with DAPI (Hoechst 33342; 10 mg/ml; 1: 400 dilution; 1 min at room temperature; EMD Biosciences).
SEM and Quantification
To analyze endothelial cell morphology and assess the luminal surface of the preconditioned grafts post hemodynamic exposure, scanning electron microscopy was utilized (SEM model SU-70; Hitachi Co., Tokyo, Japan). Briefly, samples were fixed in 10% formalin solution for 24 h. Samples were then dehydrated in a sequence of ethanol solutions (15, 35, 50, 75, 95, and 100% ethanol) for 5 min each and incubated in hexamethyldisilazane (HMDS; MP Biomedicals, Solon, Ohio, USA) for 15 min. Clamps on two sides of the sample were applied to ensure the smoothness and flatness of the sample in order to facilitate staining and SEM picture acquisition. After air drying at room temperature, the samples were coated with a 20-nm layer of evaporated gold or carbon and images were analyzed for endothelial cell morphology, retention, and platelet attachment. Surface coverage by platelets, red blood cells, and fibrin mesh was quantified by manually contouring the platelet aggregates based on SEM images using Adobe Photoshop CS3 (Adobe, San Jose, Calif., USA). The percentage of area covered by thrombus was quantified by Image J (National Institutes of Health, Bethesda, Md., USA) and reported as an average of 5 representative fields of ! 1,000 images.
Results
Fibrin-Glued SIS Exhibited a High Burst Pressure in vitro
SIS sheets were circularized by wrapping around 4.5-mm-diameter mandrels manually. The cylindrical walls were composed of four layers of hydrated SIS that were fixed together with fibrin glue resulting in a wall thickness similar to that of native carotid artery (fibringlued SIS: 642.4 8 187.3 m, n = 7; carotid artery: 799.3 8 149.3 m, n = 6, including adventitia; SIS only without fibrin: 332.1 8 135.6 m, n = 7; artery without adventitia: 274.2 8 64.7 m, n = 6) ( fig. 1 e) . Following removal of the mandrel cylindrical SIS grafts maintained their shape and inner diameter ( fig. 1 a, b ) similar to native adult ovine carotid artery ( fig. 1 c, d ). The burst pressure increased significantly by about 3-fold when the fibrin concentration increased from 5.5 to 22 mg/ml (5.5 mg/ml fibrin: 392.7 8 191.2 mm Hg, n = 4; 11 mg/ml fibrin: 456.8 8 114.1 mm Hg, n = 5; 22 mg/ml fibrin: 1,192.4 8 300.3 mm Hg, n = 7, p ! 0.01) ( fig. 2 ) . The 22 mg/ml fibrin concentration was applied throughout remainder of the study. The fibrin-glued SIS vascular graft showed increased burst pressure at higher fibrin glue concentrations. Fibrin glue was used at 5.5 mg/ml (n = 4), 11 mg/ml (n = 5), or 22 mg/ml (n = 7). The asterisk denotes statistical significance between the indicated samples and those at the highest fibrin concentration of 22 mg/ml (p ! 0.05).
Endothelialization of SIS Grafts in a Static Culture or Presheared in a Bioreactor
BAECs (2 ! 10 6 /ml) were seeded into the lumen of SIS grafts under rotation to enhance seeding homogeneity. After 7 days the cells showed a high level of confluence in the lumen. Low cell density areas at both ends of the grafts (0.5 cm) were excluded before the test. To compare the shear and static culture of BAECs, some grafts were exposed to shear stress gradually up to 6 dynes/cm 2 within 24 h under physiological pressure (around 100 mm Hg) and shear was maintained at the same level for 2 more days. As shown in figure 3 c, d , under shear, cells became elongated and aligned in the direction of flow.
Regulation of Blood Thrombogenicity by aPTT and INR
Throughout the experiment we maintained an adequate dose regiment to test the thrombogenicity of the grafts without risking systemic coagulation during the surgical procedure. Heparin (100 U/kg bolus i.v. followed by 100 U/kg/h infusion i.v.) took 20-30 min to take effect throughout the circulation. The effect of heparin and warfarin sodium administration on blood thickness was monitored by measuring the aPTT and INR, which were kept within the clinically recommended range, i.e. 1.8-2.5 times higher than normal [Connell et al., 2007] . Though warfarin sodium is typically an anticoagulation drug for long-term use, we included it in our protocol because it can be monitored by measuring the INR using a portable patient-friendly device. This represents clinical translation to what might be expected post implantation.
Endothelialized Grafts Exhibited Better Anticoagulation Properties than SIS Matrix Alone
This physiologically relevant model allowed measurement of acute thrombus formation of multiple vascular grafts per animal. The highest number of grafts that was tested in a single animal was 8, but in general this number varied depending on the maintenance of the blood pressure and heart rate of the animal. The carotid artery flow rate and diameter were about 200-300 ml/min and 5-7 mm, respectively (n = 5 animals, age 3-5 years). Following the arteriovenous shunt creation, the flow rate increased to 500-800 ml/min and the pressure dropped significantly to about 60 mm Hg. Therefore, the downstream restrictor was adjusted to decrease the flow rate to the original arterial flow level ( fig. 4 b) . Notably, the pres- sure was still between arterial and venous ranges probably due to anesthesia. The isoflurane was adjusted according to the animal response and hence it might have resulted in a different baseline pressure throughout the surgery ( fig 5 a, d, g ). The dynamic changes in the outer diameter of the vascular graft were monitored throughout the study ( fig. 5 c, f, i) . The pressure and flow rate were also monitored in the abdominal aorta to ensure the stability of cardiac output (data not shown).
Graft Stiffness Evaluated by the PWV, AIx, and Em Using an ex vivo Arteriovenous Shunt Model
Clinically, blood vessel stiffness can be evaluated noninvasively by the PWV and AIx. In our arteriovenous shunt model, front waves were generated by heart pulsation and reflected by the downstream jugular vein back through the vascular graft. The PWV was: for veins, 3.17 8 0.82 m/s; for SIS grafts, 7.25 8 0.90 m/s, and for arteries, 9.29 8 4.08 m/s (each graft, n = 3; at least 2 waves were analyzed per graft). SIS grafts were significantly different from veins (p ! 0.001) but not from arteries (p 1 0.25).
The AIx was: for vein grafts, 3.64 8 2.04%; for SIS grafts, 13.93 8 7.25%, and for arteries, 30.49 8 4.16%. SIS grafts had a significantly higher AIx than veins (p ! 0.002) but a lower AIx than arteries (p ! 0.001). The Em was: veins, 6.91 8 4.37 mm Hg (n = 3); SIS grafts, 16.51 8 5.33 mm Hg (n = 6), and arteries, 82.33 8 33.76 mm Hg (n = 3). SIS grafts had a higher Em than veins (p ! 0.04) but a lower Em than arteries (p ! 0.02).
Comparison of Luminal Thrombosis by Gross Morphology, Histology and Immunostaining
We observed minimum thrombus formation on endothelialized SIS grafts ( fig. 6 a, b) . Considerable thrombus was formed on SIS grafts without endothelial cell seeding ( fig. 6 c) . Native autologous carotid arteries and jugular veins were used as positive controls and presented a smooth shiny surface with no visible thrombus formation ( fig. 6 d, e) . Gross morphology was verified by histological analysis of tissue sections showing a single layer of BAECs with few platelets attached on the luminal surface of static ( fig. 6 f) or shear preconditioned ( fig. 6 g ) endothelial cell-seeded grafts. In the shear preconditioned SIS grafts, the nucleus of BAECS appeared smaller, probably due to the cell alignment in the direction of flow ( fig. 6 g) . In contrast, in the absence of endothelial cells, red blood cells, and fibrin clots could be easily visualized on the luminal surface of the grafts ( fig. 6 h) . As expected, the jugular vein and carotid artery presented a homogeneous layer of endothelial cells with no evidence of thrombus formation ( fig. 6 i, j) .
Since individual platelets have an average size of 2.0 m and are difficult to visualize by histology, we em- ployed en face immunofluorescence staining with antiplatelet antibody CD61 (glycoprotein IIb/IIIa) to identify platelets or platelet aggregates bound to the luminal surface of the grafts. Static or presheared BAEC-seeded SIS grafts showed adhesion of individual platelets and a relatively lower platelet aggregate formation ( fig. 7 a-d) . In contrast, nonendothelialized SIS demonstrated a very high degree of individual and aggregate platelet adherence ( fig. 7 e, f) . Carotid artery and jugular vein displayed minimal platelet adhesion ( fig. 7 g-j) . 
SEM Analysis
Similar to histology and immunostaining, SEM analysis showed that static and shear preconditioned endothelialized grafts ( fig. 8 a-d) had very little platelet and red blood cell deposition as compared to nonendothelialized grafts ( fig. 8 e, f) . Presheared BAECs appeared aligned in the direction of flow and displayed better defined cell-cell contacts than static grafts. The nonendothelialized SIS surfaces clearly revealed adhesion of platelets, red blood cells, and fibrin mesh onto a large fraction of the surface. Notably, in SEM thrombi are more luminescent and can be easily distinguished from cells.
Finally, as shown in figure 8 k, quantification of the area covered by platelets revealed that the presence of endothelial cells significantly decreased the platelet coverage on the surface (SIS grafts only: 58.2 8 11.66%; SIS grafts with static endothelial cell culture: 8.98 8 6.24%; SIS grafts with shear endothelial cell culture: 12.40 8 7.53, p ! 0.001) but preconditioning with shear did not result in a significantly different platelet adhesion as compared to static (p 1 0.05). Native carotid artery and jugular vein were tested as the positive controls of the assay. The minimal platelet attachment to native vessels (carotid artery: 2.70 8 1.64%; jugular vein: 0.66 8 0.41%) may reflect activation due to injury at harvest or incomplete washing. Each data point was the result of analysis from 3 different samples, with a total of 5 images.
Limitation of the Model
The blood flow rate was maintained between 200 and 300 ml/min using a downstream restrictor and the pressure varied with the level of restrictor regulation but remained between 40 and 60 mm Hg. Since the PWV, AIx and Em are pressure dependent, their levels may be lower in our model system compared to those in the arterial circulation (5-15 m/s) [Jiang et al., 2008] . 
Discussion
Surface coating, endothelialization, and/or preconditioning to mimic the native vessel microenvironment can decrease platelet attachment and improve graft patency [Aoki et al., 2005; Hoenig et al., 2005; Desai et al., 2011] . Regardless of the materials or cells used to engineer vascular grafts, low thrombogenicity, limited intimal hyperplasia, and the capacity of extracellular matrix remodeling after implantation are key variables for a successful implantation [Stegemann et al., 2007; Chlupac et al., 2009] . Here we developed an ex vivo arteriovenous shunt model to test the thrombogenicity and stiffness of the SIS grafts when optimizing endothelial cell seeding, mechanical preconditioning and anticoagulation therapy. Through the use of a downstream restrictor, flow meter, and pressure transducer we were able to manually control the physical environment by altering the flow and pressure to an arterial-or venous-like level. In this study we focused on the arterial environment because we aimed to implant an arterial substitute and coagulation is heavily shear dependent.
Combination drug therapy is used to prevent and maintain a safe level of anticoagulation and prevent immune reaction. Cyclosporine causes adverse effects on the intravascular hemostatic equilibrium, favoring a prothrombotic state by decreasing the release of prostacyclin and nitric oxide (NO) while increasing the production of thromboxane A2 and endothelin by endothelial cells [Conger et al., 1994] . Cyclosporine also affects platelets by increasing their surface fibrinogen receptors, enhancing serotonin release and making them hyperaggregable in area that was covered by platelets at the indicated conditions. P = Platelets; W = white blood cells; R = red blood cells; F = fibrin mesh. The asterisk denotes a significant difference as compared to the SIS-only surface. # denotes a significant difference between the indicated grafts (n = 3, p ! 0.05).
response to various agonists [Fishman et al., 1991] . Warfarin sodium is a coumarin anticoagulant used to treat and prevent thromboembolic events by slowing the hepatic vitamin K-dependent synthesis of prothrombin and other coagulation factors [Lippi et al., 2009] . Warfarin sodium acts indirectly and has no effect on existing clots. Heparin is an intravenous anticoagulant that is often administered using a weight-based protocol as a bolus injection followed by continuous intravenous administration [Salamonson, 2000] . The onset of its action is immediate and its half-life is much shorter than that of warfarin sodium. Finally, aspirin inhibits platelet activity by preventing adhesion, aggregation, and activation. In this study, we used clinically relevant doses of each drug as determined by aPTT and INR measurements to maintain recommended blood coagulation times. The stiffness of the grafts is believed to affect the longterm cellular infiltration, proliferation, and remodeling potential in vivo [Abbott et al., 1987; Jacot et al., 2004; Li et al., 2008] . We measured three indicators of blood vessel stiffness in real time while the grafts were in the arteriovenous loop: PWV, AIx, and Em. PWV uses pressure waves at two sites, usually the carotid and radial or carotid and femoral pulses, to calculate the pulse wave propagation velocity [Oliver and Webb, 2003 ]. The AIx is calculated independently of the diameter of the grafts, which gave us another window to evaluate the vascular stiffness, while Em is derived from pressure and diameter changes. All three different approaches had similar results, namely that SIS-based grafts exhibited a stiffness between that of carotid artery and jugular vein. PWV measurements showed that the stiffness of SIS grafts was higher than that of veins but similar to that of carotid arteries, suggesting that SIS grafts may exhibit satisfactory remodeling as arterial grafts. However, the AIx and Em showed that SIS stiffness was higher than venous stiffness but significantly lower than arterial stiffness. The reason for this discrepancy between the different indicators is not clear but it may reflect the lack of smooth muscle cells and basal tone as well as differences in extracellular matrix composition in the wall of SIS grafts. In the future PWV and the AIx can be applied to monitor the graft remodeling potential after implantation.
Initially we were hoping to monitor the change in flow rate and/or magnitude of pulsation as a function of thrombus formation over time. This hypothesis was based on a mouse model, in which we observed total occlusion of the carotid artery within 20 min after denudation of endothelial layer by ferric chloride (data not shown) [Surin et al., 2010] . However, we did not see a significant correlation between flow rate and pulsation with thrombus formation. Histological inspection of the blood flow-exposed SIS grafts with no cells showed that there was no more than 200 m of thrombus formation on the surface, which accounts for less than 5% of the inner diameter (4 mm). Thus, the luminal constriction due to thrombus formation is relatively negligible within the time frame of the experiment, necessitating morphological and histological examination to evaluate thrombus formation.
Previous studies showed that arterial implantation of SIS-based conduits revealed good patency, cell infiltration, and matrix remodeling of vascular grafts resulting in vasoreactive conduits [Huynh et al., 1999] . However, long-term implantation of cell-free SIS conduits in the arterial circulation showed aneurysm formation and vascular expansions possibly due to thrombosis and matrix degradation [Pavcnik et al., 2009] . Our experiments showed significant platelet attachment on the surface of cell-free SIS within minutes even after treatment with a clinical dose of heparin and warfarin sodium, suggesting that endothelialization is necessary for the development of implantable vascular grafts. Surprisingly, we found that preconditioning with flow-induced shear did not improve patency further. Several factors may explain these results. First, in our bioreactor shear stress was limited to 6 dynes/cm 2 because a physiological pressure was reached at that shear level. It remains to be seen whether increasing the shear stress to an arterial level (10-20 dynes/cm 2 ) will decrease platelet adhesion beyond that of static culture. Second, high shear preconditioning may prevent thrombosis in the long term through NO secretion and subsequent vessel relaxation. It is possible that longer blood flow times may be required to see the effects of shear on coagulation. Finally, SEM images showed that the majority of platelets attached in the small gaps between endothelial cells either in static or presheared grafts, suggesting that complete endothelial cell coverage may be a more critical factor than shear in preventing platelet attachment, at least in the short term.
In conclusion, we established an ex vivo arteriovenous shunt model to evaluate the thrombogenicity and mechanical properties of vascular grafts in order to examine their potential for in vivo implantation. Furthermore, the model may be applied to test: (1) the coagulation response after luminal modifications by chemicals such as heparin, (2) the efficacy of anticoagulation drugs targeting a certain step of the coagulation cascade, (3) the anticoagulation potential of endothelial progenitor cells from different sources such as EPCs or induced pluripotent stem cells, or (4) the dynamic compliance and mechanical properties of grafts prepared from different matrix materials or in the presence of smooth muscle cells in the vessel wall. Currently, we are using this model to evaluate the mechanical properties of SIS grafts containing hair follicle stem cell-derived smooth muscle cells [Peng et al., 2010b] in the vessel wall and the long-term patency and remodeling of these grafts in vivo.
